There is no small animal model that replicates chickenpox and herpes zoster, which are caused by varicella-zoster virus (VZV). Therefore, to detect VZV in tissues of infected animals, the Escherichia coli b-galactosidase gene was inserted into the viral genome. Intravitreal inoculation of guinea pigs with virus-infected cells resulted in a chronic uveitis, with mononuclear cells in the vitreous cavity of the eye of nearly all animals. Staining with X-gal demonstrated the presence of VZV in the ciliary body or iris of Ç40% of the animals and in retinal pigmented epithelial cells in 4 animals. X-gal staining showed VZV in the eye of 1 animal 140 days after inoculation. These experiments indicate that VZV expressing b-galactosidase is useful for detecting virus in tissues and that VZV can cause a chronic uveitis in which virus can be detected in some animals for up to 4 months.
There is no small animal model that replicates chickenpox and herpes zoster, which are caused by varicella-zoster virus (VZV). Therefore, to detect VZV in tissues of infected animals, the Escherichia coli b-galactosidase gene was inserted into the viral genome. Intravitreal inoculation of guinea pigs with virus-infected cells resulted in a chronic uveitis, with mononuclear cells in the vitreous cavity of the eye of nearly all animals. Staining with X-gal demonstrated the presence of VZV in the ciliary body or iris of Ç40% of the animals and in retinal pigmented epithelial cells in 4 animals. X-gal staining showed VZV in the eye of 1 animal 140 days after inoculation. These experiments indicate that VZV expressing b-galactosidase is useful for detecting virus in tissues and that VZV can cause a chronic uveitis in which virus can be detected in some animals for up to 4 months.
Ever since the original isolation of varicella-zoster virus VZV resulted in a mild papular rash containing VZV DNA near the site of inoculation [6] . (VZV) in 1953, several laboratories have attempted to develop a small animal model that reproduces the manifestations of Both chickenpox and herpes zoster can lead to noncutaneous complications, including encephalitis, pneumonitis, hepatitis, chickenpox or herpes zoster. Such a model could be used to study viral pathogenesis and to evaluate candidate antiviral and ocular disease. VZV infection of the eye can result in keratitis, uveitis, acute retinal necrosis, or progressive outer drugs and vaccines. In 1985, Myers et al. [1] reported that guinea pigs inoculated with VZV develop viremia that persists retinal necrosis in patients with AIDS [7] [8] [9] [10] . Corneal intrastromal inoculation of guinea pigs resulted in keratitis with for up to 3 weeks. Virus could be recovered from the nasopharynx, liver, spleen, and dorsal root ganglia for up to 20 days infection of the trigeminal ganglia and the central nervous system [11] . Ocular models have been useful for studying herafter inoculation; however, virus could not be cultured 1 month after inoculation. In a subsequent report, intramuscular inoculapes simplex virus [12] , which is also latent in trigeminal ganglia, and other viruses [13, 14] . tion of VZV into euthymic hairless guinea pigs resulted in a papular rash in up to 80% of the animals; however, 6% of None of the small animal models of VZV reproduce the vesicular rash typical of chickenpox or herpes zoster. In most sham-inoculated animals also developed a papular rash [2] . Lowry et al. [3] confirmed that subcutaneous inoculation of of these studies, while VZV nucleic acid was detected, the cell types in which viral DNA is present were not determined. In guinea pigs resulted in viremia and demonstrated that VZV DNA is detectable by polymerase chain reaction (PCR) in thothe present study, we inoculated guinea pigs intravitreally with a recombinant VZV, derived from the Oka vaccine strain, conracic or trigeminal ganglia 20 and 80 days after inoculation.
In attempts using other VZV models, it was noted that parataining the Escherichia coli b-galactosidase gene. The Oka vaccine strain of VZV was used because it had previously been spinal and footpad inoculation of rats with VZV resulted in latent infection of the dorsal root ganglia, but no clinical disease adapted to growth in guinea pig cells. We report the detection of b-galactosidase activity and inflammatory cells in the eyes was evident [4] . Recently, Moffat et al. [5] At various times after infection, animals were sacrificed; 1 eye Transfections. VZV cosmids NotI A, NotI BD, and MstII B was fixed in 10% formalin for staining with hematoxylin and eosin, were digested with NotI or Bsu36I (an isoschizomer of MstII) to and the other eye was frozen in OCT (Sakura Finetek USA, Torlinearize the VZV DNA. Cosmid MstII A-lacZ was partially cut rance, CA) at 070ЊC. In some experiments trigeminal ganglia with Bsu36I, and VZV DNA was separated from cosmid vector were also removed and frozen in OCT at 070ЊC. The number of by pulsed-field gel electrophoresis followed by electroelution from inflammatory cells in the vitreous was determined from whole eye agarose. Cosmid DNAs were extracted with phenol and precipisections stained with hematoxylin and eosin. tated. MeWo cells were transfected with the four VZV cosmid b-galactosidase staining. Dishes containing VZV-infected DNAs, sheared salmon sperm DNA, and pCMV62, which contains cells or cryostat sections of guinea pig tissues were fixed for 10 the VZV immediate early ORF 62 gene driven by the human min at 4ЊC with PBS containing 2% formaldehyde and 0.2% glutarcytomegalovirus promoter [15] . Six days after transfection, cells aldehyde. The cells were stained overnight at 37ЊC with PBS conwere treated with trypsin and seeded into 75 cm 2 flasks. taining 1 mg/mL X-gal, 5 mM potassium ferricyanide, 5 mM potasSouthern blots and growth studies. Virion DNA was cut with sium ferrocyanide, and 2 mM magnesium chloride. The intensity BamHI or XhoI, fractionated on 0.6% agarose gels, and transferred of b-galactosidase staining was graded from 1/ to 4/ by 2 of to nylon membranes. [
32 P]dCTP-labeled probes derived from all the authors, who examined coded slides together. four VZV cosmid DNAs or from a 2.6-kb PvuII fragment of the E. coli b-galactosidase gene were used to verify the structure of Results the viral genome.
VZV expressing b-galactosidase is not impaired for growth
Growth studies of recombinant VZV were done by inoculating MeWo cells with VZV-infected cells containing Ç100 pfu of in vitro. The E. coli b-galactosidase gene was inserted into the varicella-zoster genome so that virus could be detected more easily in infected tissues. The b-galactosidase gene was inserted in cosmid VZV MstII A between VZV ORF 65 and ORF 66. VZV ORF 66 is dispensable for growth of virus in cell culture [17] , and ORF 65 is homologous to herpes simplex virus type 1 (HSV-1) US9, which is not required for growth of HSV-1 in vitro [18] . The insertion site in the VZV genome is 213 and 184 nucleotides from the first codon of ORFs 65 and 66, respectively; therefore, it is unlikely that insertion of b-galactosidase at this position into the genome would alter virus replication.
MeWo cells were transfected with cosmids NotI A, NotI BD, MstII A-lacZ, and MstII B and plasmid pCMV62. The four parental cosmids and plasmid pCMV62 were also transfected into cells the same day. Five days after transfection, the cells were passaged, and 8 days after transfection, plaques were visible in cells transfected with either parental or lacZ-con- figure 2A, arrow) . Digestion of ROkalacZ with BamHI should result in loss of the 2.2-kb BamHI R fragment and appearance of a new band at 6.4 kb due to insertion of the b-galactosidase gene; however, due to other bands of similar sizes, this is not apparent in the figure. Hybridization of the XhoI and BamHI fragments with a probe specific for the b-galactosidase gene showed that the gene was inserted into an 11.2-kb XhoI fragment and a 6.4-kb BamHI fragment of VZV ROka-lacZ (figure 2B). Therefore, VZV ROka-lacZ had the expected DNA insertion and did not show evidence of large genomic rearrangements.
To ascertain whether insertion of the b-galactosidase gene into the VZV genome altered the growth properties of the virus, melanoma cells were infected with VZV ROka or ROka-lacZ, and at various times, the cells were harvested and virus was titered on melanoma cells. VZV expressing b-galactosidase grew to similar titers as the parental virus ( figure 3) .
To verify that the b-galactosidase gene was expressed during lar inoculations of VZV-infected cells containing ROka-lacZ. on day 14. Inflammation persisted throughout the experiment, and eyes from all 3 animals tested 140 days after VZV inoculaIn the first experiment, 11 animals received infected cells containing 2.0 1 10 2 pfu of VZV per eye by the intravitreal route tion showed intraocular inflammation (table 1) . In total, 37 animals were intravitreally inoculated with VZV, and 2.0 1 10 4 pfu by the subcutaneous route. Four animals received the same volume of uninfected cells by the same and 84% (31/37) developed uveitis within the posterior segment. In contrast, uveitis was not detected in the 18 animals routes. None of the animals inoculated with uninfected cells showed intraocular inflammation ( figure 5A, C) . In contrast, inoculated with uninfected cells. The mean number ({SE) of infiltrating cells in the vitreous of the animals inoculated with 10 of 11 animals inoculated with VZV-infected cells developed intraocular inflammation with mononuclear cells in the postecells containing VZV ROka-lacZ was 119 { 19.5, whereas the mean number of cells in the vitreous of animals inoculated rior chamber adjacent to the ciliary body (figure 5B) or the retina ( figure 5D ). Intraocular inflammation was present at the with uninfected cells was 5.6 { 1.6 (P õ .001).
As an additional control, 14 animals were inoculated with first time point tested (day 6) and persisted throughout the experiment, with 1 animal showing inflammation at the last cells containing inactivated VZV by the intravitreal route and compared with 14 animals inoculated with cells containing time point tested (61 days). The most intense inflammatory response was seen in animals on days 11 and 17 (table 1) .
infectious virus. Three weeks after inoculation, the mean number of cells in the vitreous of animals receiving inactivated In the second experiment, 26 animals were intravitreally inoculated with infected cells containing 0. ceiving infectious virus compared with those receiving inactiexpression was detected in the ciliary body on day 68 in 2 animals and on day 140 in 1 animal. Staining for b-galactosivated VZV (P Å .02).
Expression of b-galactosidase in the eye and trigeminal gandase was most intense on days 30 and 35 (table 2) . In total, b-galactosidase expression was detected in 15 of glion of guinea pigs inoculated with VZV ROka-lacZ. To determine whether VZV persisted in the eyes of infected animals 37 animals that received VZV ROka-lacZ. b-galactosidase activity was detected in the iris, ciliary body, and retina. In conand expressed b-galactosidase, cryostat sections of eyes were stained with X-gal. In the first experiment, 3 of 11 animals trast, b-galactosidase expression was not observed in the ciliary body or retina of 8 animals that were inoculated with uninfected receiving VZV ROka-lacZ demonstrated intraocular expression of b-galactosidase. On day 11, ciliary bodies from the eyes of cells. The iris from 1 of these 8 animals was scored as showing 1/ staining for b-galactosidase on day 35. PCR analysis for 2 animals expressed b-galactosidase, and on day 34, the ciliary body ( figure 4B ) and retinal pigmented epithelial cells (figure VZV DNA, using previously published primers [3] , indicated that animals inoculated with VZV-infected cells had viral DNA 4C) from another animal were positive for b-galactosidase (table 2) . present in the eye at least 30 days after intraocular inoculation, while eyes from animals that received uninfected cells were In the second experiment, eyes from 12 of 26 animals that received VZV ROka-lacZ showed expression of b-galactosinegative for viral DNA by PCR. Trigeminal ganglia were obtained from 15 animals inocudase. The iris showed expression of b-galactosidase on day 14 in 2 animals, and both the ciliary body and retinal pigmented lated with VZV ROka-lacZ in the first and second experiments and from 3 animals inoculated with uninfected cells in the epithelial cells were positive for b-galactosidase in 2 animals on day 30. One of these animals showed intense (4/) staining second experiment. Only one trigeminal ganglion (from an animal on day 34 from the first experiment) showed expression of the ciliary body. On day 35, all 5 of the animals tested showed b-galactosidase expression in the iris; 2 of these also of b-galactosidase ( figure 4D ). b-galactosidase expression was graded as 3/ and was present in both neuronal and nonneuronal showed expression in the ciliary body, and 1 also had expression in the retinal pigmented epithelial cells. b-galactosidase cells. 
Discussion
trigeminal ganglia can lead to keratitis, iritis, uveitis, or panophthalmitis [10] . Retinal necrosis due to reactivation of VZV We have shown that intravitreal inoculation of guinea pigs has been reported in both immunologically normal persons and with VZV results in a chronic uveitis consisting of a mononuin patients with AIDS. In these cases of progressive outer clear cell infiltrate in the posterior segment of the eye. Using a retinal necrosis and acute retinal necrosis, infectious VZV and recombinant VZV that expresses b-galactosidase, we detected viral DNA and antigens have been detected in the retina [8] . expression of the enzyme in the eye for up to 4 months after
We observed a mononuclear cell infiltrate after inoculation of intraocular inoculation.
VZV-infected cells into the posterior chamber of the eye. After Prior studies of VZV pathogenesis have also used ocular intravitreal inoculation, the infection spread posteriorly. Virus was infection of small animals. In one study, corneal inoculation initially detected in the iris and ciliary body 2 weeks after inoculaof guinea pigs with VZV elicited an antibody response but no tion and in the retina by 1 month after inoculation. Virus persisted evidence of ocular disease [19] . More recently, intracorneal in the ciliary body, as manifested by b-galactosidase expression, inoculation of guinea pigs with VZV resulted in punctate keratifor at least 4 months after infection. While we detected inflammatis with apparent spread of virus to the trigeminal ganglion, tion in the vitreous adjacent to the retina and b-galactosidase midbrain, and cerebellum [11] . While virus was detected in activity was present in retinal pigmented epithelial cells in vivo, the cornea 9 days after inoculation, virus could not be detected acute retinal necrosis was not apparent. The guinea pig retina is in the eye 15 days after inoculation when clinical signs of less vascularized than the human retina; therefore, one might not disease had completely resolved. Similarly, intrastromal inocuexpect retinal necrosis to occur in this animal. lation of rabbits with VZV also resulted in keratitis and viral
We detected b-galactosidase expression in retinal pigmented DNA in the trigeminal ganglion [20] . Clinical signs of ocular epithelial cells in 4 animals. Other viruses, including cytomegadisease in rabbits resolved by 2 weeks after inoculation. Corlovirus, have been detected in retinal pigmented epithelial cells neal scarification of mice with VZV resulted in detectable viral during retinitis and have been shown to replicate in these cells DNA in the trigeminal ganglion, brain stem, kidney, spleen, in vitro [23] . Retinal pigmented epithelial cells are important liver, and brain; however, inflammation and clinical disease for maintaining physiologic and structural integrity of the retwere not apparent [21] . Viral RNA was present in both neuronal ina. These cells also play a key role in immunity. Interferonand nonneuronal cells of the trigeminal ganglion. To our g-activated retinal pigmented epithelial cells express major knowledge, our study is the first experimental model of inhistocompatibility complex molecules and thereby present forflammatory disease involving the posterior segment of the eye eign antigens to T cells [24] . Retinal pigmented epithelial cells associated with detection of VZV in the retina.
have been shown to induce the expression of proinflammatory Involvement of the retina has been reported in varicella [22] , cytokines (e.g., interleukin [IL]-1 and tumor necrosis factorbut VZV more commonly involves the eye during herpes zosa), IL-6, IL-8, and intracellular adhesion molecule 1 [25] . The presence of VZV in retinal pigmented epithelial cells during ter. Reactivation of VZV from its site of latency in human chronic uveitis suggests that cytokines produced by these virusstructed provides a tool to explore new drugs and vaccines as well as the pathogenesis of chronic virus-induced uveitis. infected cells may contribute to the inflammatory process.
We observed expression of b-galactosidase in the eye beginning 11 days after inoculation and persisting for up to 140 days
